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Instrument Development for a Long-Range, High-Resolution 3D Imaging
Photon Counting LADAR

DURIP Report (06/15/2015 —01/14/2017)
Dr. Renu Tripathi
Department of Physics and Engineering
Delaware State University
Dover, DE — 19901

1. Objectives

We proposed to develop a high-resolution three-dimensional imaging LADAR system based on
the principle of photon-counting and highly-resolution time-correlated measurements. The
photon counting LADAR system was proposed to be designed by acquiring and integrating some
of the key components and devices such as picosecond laser sources, single photon detectors,
and a high-resolution event timer etc. on a robust optomechanical platform. Imaging capability
of the PC-LADAR was also proposed to be enhanced using polarimetric measurements.

2. Accomplishments
Following are some of our notable accomplishments:

e Components for developing the photon counting LADAR (PC-LADAR) system have
been acquired. This includes purchasing of major components such as picosecond laser
sources (LDH-P-C-705 and LDH-P-C-840, PicoQuant), single photon detectors (PD-
100-CTC-FC, Micro Photon Devices and SPCM-AQRH-16, Pacer-usa), picosecond
event-timer (HydraHarp 400, PicoQuant), and high-bandwidth oscilloscope (DSO-X-
4054A, Keysight Technologies) etc.

e A software interface for PC-LADAR is developed for performing synchronized beam
scanning with the laser transmitter.

e Receiver assembly for PC-LADAR is designed using a large aperture (eight inch)
telescope objective lens. Assembly design for the complete system is currently under
progress.

e Basic characterizations of the event-timer module for time-of-flight (TOF) measurements
have been performed.

e Experiments using a scanning LADAR prototype were conducted to demonstrate
improvement in TOF (or range) resolution using a new multi-pulse detection scheme.

e Students (one graduate student and two undergraduate students) are trained in performing
LADAR system design, hardware testing and data acquisition.

3. PC-LADAR Development

The PC-LADAR development consists of following steps: a) laser divergence and beam profile
characterizations, b) laser beam scanning and transmitter design, c¢) receiver assembly design, d)
performance studies of single-photon detectors, e) testing of event-timer (or time-correlated
single photon counting module) in time-of-flight measurements, and finally, f) the LADAR
assembly design. Fig. la shows the proposed optomechanical layout of the PC-LADAR. The
picture in fig. 1b shows an early stage layout of the LADAR being assembled in the lab on an



anodized optical breadboard of dimension (60cm x 60cm x 2.5cm). The complete assembly
design and full-scale integration of the PC-LADAR are currently under progress. Kinematic
mounts and adaptor plates are designed for easier alignment of the optical and electro-optical
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Fig. 1 Optomechanical layout of the PC-LADAR. Labels: 1. Pulsed laser, 2. ‘Start” APD, 3. ‘Stop’

APD, 4. beam splitter, 5. optical filter, 6. mirror, 7. fiber delay line, 8. beam expander, 9. Beam

scanner, 10. relay optics, 11. fiber coupler, 12. objective lens, 13. detector housing, 14. light-shielding

partition. (b) an early-stage layout of the LADAR system in the lab.
components such as the scanning mirrors, lenses and detectors used in the system. Lens tube
assembly and customized light-shielding partition are used to help minimize unwanted
reflections and background light from affecting the daylight PC-LADAR operation. In its final
phase, the PC-LADAR instrument will be stationed on a moveable cart for conducting outdoor
experiments. In following sections, we discuss experimental development and characterizations
of various components and sub-systems that are used in our LADAR instrument development.

3.1 Laser Characterizations

The picture in fig. 1b shows two low-energy (= 0.14 nJ) pulsed laser sources (LDH-P-C-705 and
LDH-P-C-840, PicoQuant) with wavelengths A = 705 nm and 840 nm, which are purchased to
develop a two-color PC-LADAR system. Both lasers are fiber-coupled diode laser sources
featuring easy-to-use controls for laser power levels and repetition frequencies. The driver units
(seen in the electronic rack in fig. 1b) for both lasers consist of internal pulse generators that
produce low jitter clock signals convenient for the LADAR operation. Alternatively, the laser
pulses can also be triggered by sending an external trigger inputs to the driver units. Collimated
laser outputs from both lasers are sent to a fast silicon PIN photodiode (TDA 200, PicoQuant) to
measure the laser pulse characteristics.

Fig. 2a shows the fast response (sub-nanosecond rise time) of the photodiode to laser pulse for 4
= 705 nm, observed using a 500 MHz bandwidth digital oscilloscope (DSO-X 4054A, Keysight
Technologies), seen in the electronic rack in fig. 1b. The photodiode gives a negative response.
The screen shot from the oscilloscope shows two negative pulses with 100 ns separation
corresponding to 10 MHz repetition rate of the laser. The full-width half-maximum (FWHM) of
the laser pulse is measured to be approximately 100 ps. We also measured the maximum pulse
energy by measuring the average power at a fixed repetition rate of 5 MHz, and found it close to
0.1 nJ which implies a single laser pulse has approximately 500 million photons for conducting
LADAR experiments. In practice, the duration of the laser pulse ultimately decides how small of
a range (or depth) the LADAR can measure.



Another important characteristic of the LADAR is the divergence angle of the illuminating
beam. As the laser beam propagates towards the target, the physical size of the beam increases
due to diffraction. The angular divergence (or angular beam width) of the beam can be described
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Fig. 2 (a) Response of the PIN photodiode to picosecond laser pulses, and (b) pulsed diode laser beam
characteristics measured by the optical beam profiler.

by the expression: 8; = 1.22 1/D, where D, is the diameter of the aperture of the transmitting

optics. The physical size of the beam at the target decides the spatial (or azimuthal) resolution of
the LADAR. The spot size of the beam on the target is given by Ax = 6,.R where R is the
distance to the target. We measured the beam parameters (e.g. beam width and angular
divergence) of our pulsed laser systems using an optical beam profiler (BP209, Thorlabs). The
beam from the pulsed diode laser is collimated using a fiber collimating lens. The pictures shown
in fig. 2b show 1D, 2D and 3D beam profiles of the 705 nm diode laser measured using the beam
profiler. The beam profiles show close-to-Gaussian beam shapes for the collimated beam with X-
and Y-widths close to 3 mm. We also measured the angular divergence 8, of the laser beam, and
found it close to 0.5 mrad which corresponds to a spatial resolution Ax equals to 50 cm at 1 km
distance. The spatial resolution can be improved by further expanding the beam at the LADAR
transmitter. Similar beam parameters have been measured for our 840 nm pulsed diode laser.

3.2 Beam Scanning: Software Interface Development

The PC-LADAR system development requires scanning of the target pixel-by-pixel in order to
illuminate the target with synchronized laser pulses, and then collecting the returning light from
the target to obtain range and intensity information. A two-axis galvanometric scanner (shown in
fig. 3a) has been used for this purpose. The picture in fig. 3a also shows the controllers that are
used to drive the two mirrors in the scanner. One mirror is responsible for x-positioning of the
laser beam, while the other mirror is responsible for y-positioning of the beam. While working
together, the mirrors can steer the beam to scan a specified target surface. The main limiting
factor of this technology is the speed at which the electric motors can rotate the mirrors.
Currently, the galvo-scanner used in our LADAR system can operate at speed up to about 1
KHz. Fig. 3b shows a compact two-axis MEMS mirror scanner that we have purchased that can
operate at higher speed above 1 KHz. We have developed a software interface to control the
galvo-scanner in the LADAR system via LabVIEW virtual environment (VI) on the computer.



This program serves three main functions: i). generating synchronized laser pulses, and raster
scanning the two-axis galvo-mirror, ii). acquiring data from the TCSPC hardware, and iii).
imaging data with Matlab MathScript RT module (fig. 4a).

Our first program function is designed to control the servo-motors for the x- and y-positions of
the galvo-mirrors and to create a software trigger for the laser. The LabVIEW program sends two
command signals to the galvo driver board each time we wish to change the position of x and y
mirrors by a predetermined step size. The driver board accepts step-signals as voltage ranging
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Fig. 3 Picture showing (a) the two-axis galvanometric scanner which is used in our laser scanning
experiments, and (b) a compact two-axis MEMS scanner acquired for our LADAR system development.

from -10 to 10 V, where 1 V corresponds to a 1 degree shift for the corresponding mirror.
Maximum angular scanning range for this configuration is 10 degrees. To achieve higher
scanning range, the internal jumpers on the driver board could be set to 0.5 V per degree,
effectively increasing the field-of-view (FOV) to 12.5 degrees. The x-scan mirror is driven by a
saw tooth waveform generator. The amplitude of the saw tooth corresponds to the x-range of the
scan in degrees, and the frequency corresponds to scanning speed. During one period of the saw
tooth wave, the galvo completes one full row scan. The y-scan mirror is controlled by using a
voltage step function, which resembles a slow-growing saw tooth wave. After completion of
each x-scan row, the y-scan mirror moves down by one step. The scanning y- range and y- step
sizes are set independently through the LabVIEW VI.

First, we developed the interface by triggering the laser with an external waveform generator
which produces a 5 V square wave signal of a specified frequency. The function generator
triggering the laser was synchronized with the x-mirror generator by the system clock. These two
waveforms sharing the same start trigger have constant relative frequency, and, phase
relationship. However, we observed that the image in LADAR acquisition is shifted and
distorted while increasing the speed of scanning and data acquisition. The key to resolving this
issue is that the galvo-mirrors and the laser should be triggered from one source, and remain
synchronized during the whole scan. Next, we used the software trigger to trigger the laser by
sending a square wave output through a DAQ board. In this case, the galvo-mirror driving code
consisted of two DAQ assistants, and LabVIEW functions for sending signals into the DAQ
board for x-mirror and y-mirror. The x-mirror control code was placed in a timed loop, the
iteration timing of which controls the stepping speed of x-mirror. The y-mirror stepping speed



was controlled with a simple logic code which incremented the voltage and moved the y-mirror
after a certain number of x-steps.

The problem with the above approach was that there was no feedback between the start of the
software trigger of the laser and the start of the galvo-mirror driving code. However, the two
sections of code were in the same virtual environment (VI) and were supposed to start
simultaneously, but if one section executed faster than the other, they went out of
synchronization leading to the shifted and distorted LADAR images. We quickly realized that
this kind of basic synchronization is not good enough for our demanding high-precision timing
application. Part of the problem was caused by multiple DAQ assistants used for each DAQ

Fig. 4 (a) LabVIEW program operation block diagram, and (b) state machine architecture.

Fig. 5 (a) Front panel of the LabVIEW interface that controls our LADAR system, and (b) front panel

which shows the software trigger and the onboard clock being used in performing synchronized laser

beam scanning.
board which significantly slowed down the entire code. To overcome these limitations imposed
by the predesigned functions (i.e. DAQ assistant), we used NI-DAQmx Application
Programming Interface (API) for laser triggering and galvo-mirror driving. Its polymorphic VIs
accept multiple data types for same set of functions which solved one of the problems we faced
while using predesigned LabVIEW functions.



























